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In this paper, a hybrid wave based - transfer matrix model is presented that allows for the investiga-
tion of the sound transmission through finite multilayered structures placed between two reverberant
rooms. The multilayered structure may consist of an arbitrary configuration of fluid, elastic or poro-
elastic layers. The field variables (structural displacements and sound pressures) are expanded in
terms of structural and acoustic wave functions. The boundary and continuity conditions in the
rooms determine the participation factors in the pressure expansions. The displacement of the
multilayered structure is determined by the mechanical impedance matrix, which gives a relation
between the pressures and transverse displacements at both sides of the structure. The elements of
this matrix are calculated with the transfer matrix method. First, the hybrid model is numerically
validated. Next, a comparison is made with sound transmission loss measurements of a hollow brick
wall and a sandwich panel. Finally, numerical simulations show the influence of structural damping,
room dimensions and plate dimensions on the sound transmission loss of multilayered structures.

PACS numbers: 43.55.Rg, 43.55.Nd, 43.55.Ti

I. INTRODUCTION

Multilayered structures consisting of elastic, poro-
elastic and fluid layers are widely used in many engi-
neering applications for their sound absorbing, sound in-
sulation, and vibration damping properties. In building
acoustics, sandwich roof elements and building structures
with floating floors or suspended ceilings can be described
as multilayered systems. Noise control in automobile and
aircraft applications is based on the use of foams or fi-
brous materials in combination with thin elastic layers.
The prediction of the vibro-acoustic behavior of this type
of structures is therefore useful for a whole range of ap-
plications.

The transfer matrix method (TMM) has been widely
used and validated to predict the vibro-acoustic behavior
of multilayered structures, because of the low computa-
tion cost and easy implementation of different types of
layers.1–5 The standard TMM assumes infinite layers and
represents the plane wave propagation in the layers. An
advantage of the TMM is that the modeling is general in
the sense that it can handle automatically arbitrary con-
figurations of layered media. Furthermore, the TMM is
a useful prediction tool in building acoustics, as details
like boundary conditions or room dimensions are often
not known a priori.

In airborne sound insulation measurements according
to ISO 10140, the panel under investigation is placed be-
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tween two reverberant rooms. In the low and middle
frequency range, the modal behavior of both structure
and rooms can largely influence the sound transmission
loss (TL) as measured in the laboratory. In order to at-
tenuate the room modal effects, diffusers may be placed
in the reverberant rooms. Room-plate-room models have
been used to investigate the influence of source position,
room volume, wall size and reverberation time on the
predicted TL of single walls.6–10 TMM predictions for
double walls with empty cavity and multilayered walls
are often unrealistic in a broad frequency range.11 For
multilayered structures like double walls, the modal be-
havior of the structure may be important up to higher
frequencies, due to the specific vibro-acoustic coupling
between the panels.12

To simulate the vibro-acoustic behavior of finite multi-
layered structures containing elastic and poro-elastic ma-
terials, full numerical methods such as the finite element
(FE) method have been used.13 For the prediction of the
TL, these methods often assume a perfectly diffuse inci-
dent sound field. A similar assumption is made in the
hybrid finite element - statistical energy analysis (FE-
SEA) method, where a detailed FE description of the
panel is coupled with an SEA description of the rooms.14

This assumption however is not realistic.15 Especially for
multilayered structures like double walls, where sound
transmission is strongly dependent on the angle of in-
cidence, it is important to take into account the source
room characteristics.12,16

To investigate the influence of the entire room-plate-
room geometry on the measured TL of multilayered pan-
els, a full FE description of both the structure and the
rooms can be used. To increase the computational ef-
ficiency, FE models of the structure can be coupled
with modal representations of the sound field in the
rooms.17–19 Alternatively, an FE model for the multi-
layered structure can be combined with a wave based
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method (WBM) for the room pressures in a hybrid wave
based - finite element model.20,21

In this paper, an alternative hybrid approach is pre-
sented, in which a full numerical description of the rooms
is combined with a simplified description of the panels.
Previously, a wave based model has been developed to
predict the TL of double and multiple walls with air cav-
ities taking into account the full vibro-acoustic coupling
between the rooms, the thin plates and the air cavities.12

In this paper, a hybrid wave based - transfer matrix
model (WB-TMM) is developed to incorporate multi-
layered structures consisting of elastic and poro-elastic
layers in the wave based model. The modal behavior
of the rooms and the structure is taken into account by
a wave based approach. The structure is described by
means of the TMM. The coupling approach used is sim-
ilar to the modal based TMM approach of Atalla and
Rhazi22 to model the vibro-acoustic response of rectan-
gular multilayered structures placed in an infinite baffle.
In both methods, the response of the structure is de-
scribed as a sum of modal contributions. For each modal
wave number, the TMM is used to compute the vibro-
acoustic indicators of the system. In the modal based
TMM, assumptions are made about the incident sound
field (for example diffuse acoustic excitation or turbu-
lent boundary layer excitation) and radiated sound field
(radiation into halfspace). Furthermore, fluid-structure
interaction and cross modal coupling is neglected. No
such assumptions are made in the WB-TMM, where the
full coupling between the room modes and the structural
modes is taken into account.
In section II, the basic concepts of the TMM and the

WBM are introduced. Next, the hybrid wave based -
transfer matrix model for sound transmission problems
is elaborated. In section III, numerical validations of the
hybrid model are shown. WB-TMM results are com-
pared with TL measurements of a hollow brick wall and
a sandwich panel in section IV. Finally, the hybrid model
is used to investigate the influence of structural damping,
room dimensions and structural dimensions on the TL of
multilayered walls in section V.

II. HYBRID WAVE BASED - TRANSFER MATRIX
MODEL

A. Transfer matrix method

The transfer matrix method (TMM) is a general
method for modeling acoustic fields in layered media.
Several acoustical applications have been published in
literature.1–5 The standard TMM assumes infinite layers
and represents the plane wave propagation in different
media in terms of transfer matrices. Interface matrices
describe the continuity conditions between different lay-
ers depending on the nature of the two layers. A com-
bined use of transfer matrices of each layer and interface
matrices allows for the TMM to be used as a black box
and only retrieve the information required such as sound
absorption or airborne sound insulation.
To give better agreement between measured and pre-

dicted acoustic properties, several corrections to the stan-
dard TMM have been suggested in literature. Kang
et al.15 have proposed a Gaussian distribution of inci-
dent energy when calculating the average transmission
coefficient over all incident angles. Villot et al.23 have
presented a spatial windowing technique of plane waves
to take into account the finite size of a plane structure
in sound radiation and sound transmission calculation.
The finite size correction term takes into account the
diffraction effects of the boundaries. Similarly, Ghinet
and Atalla24 developed the finite transfer matrix method
(FTMM) to account for the size effect. The FTMM,
which is based on the Rayleigh integral, has been ap-
plied to calculate the TL and absorption of multilayered
structures.5

B. Wave based method

The wave based method (WBM) is an indirect Trefftz
method which is developed for the steady-state dynamic
analysis of coupled vibro-acoustic problems.25 For prob-
lem geometries with a moderate complexity, the method
has an enhanced computational efficiency compared to
element-based approaches, such as the FE method. The
field variables are approximated by an expansion of wave
functions, which exactly satisfy the governing dynamic
equations. The participation factors in the expansions
are determined by the boundary and continuity condi-
tions. Convexity of the cavity domain is a sufficient con-
dition for the WBM approximations to converge towards
the exact solution.
The wave based modeling approach generally consists

of four basic steps: (1) partitioning of the considered
problem domain into convex subdomains; (2) selection of
a suitable set of wave functions for each subdomain; (3)
construction of the wave based system matrices using a
weighted residual formulation of the boundary and conti-
nuity conditions; (4) solution of the system of equations,
yielding the wave function contribution factors, and post-
processing of the dynamic variables.

C. Hybrid model

A hybrid wave based - transfer matrix method (WB-
TMM) is presented to simulate the direct sound trans-
mission through a rectangular, multilayered structure,
placed between two rooms. The framework of the model
is based on a room-plate-room model for single walls8,
which was previously extended to incorporate multiple
walls consisting of a number of thin plates separated by
air cavities12 and allow for the investigation of the niche
effect on the TL of single and double panels26.

1. Problem definition

The geometry of the considered problem is shown in
Fig. 1. A multilayered structure with dimensions Lpx

and Lpy is placed between two rooms. The source and
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FIG. 1. Geometry of the model: a multilayered structure
between two rooms with rigid side and back walls.

receiving room have dimensions L
(1)
x × L

(1)
y × L

(1)
z and

L
(2)
x ×L

(2)
y ×L

(2)
z respectively. The structure is placed in

the common wall with offset (Δx(1),Δy(1)) at emitting
side and offset (Δx(2),Δy(2)) at receiving side. The mul-
tilayered structure, with a total thickness Lpz, consists of
a number of elastic, poro-elastic or fluid layers. The side
and back walls of the rooms are rigid. A harmonic vol-
ume point source is placed in the source room at position
(xs, ys, zs).

The source room is divided into two subdomains by
a plane through the point source, parallel to the back
wall. The steady-state acoustical pressure p(i)

a
in each

(sub)room V (i) (i = 0,1,2) is governed by the homoge-
neous Helmholtz equation:

∇2p(i)
a
(x, y, z) + k2ap

(i)
a
(x, y, z) = 0. (1)

ka = ω
ca

is the acoustic wave number in air, with ω the
circular frequency and ca the speed of sound in air. The
underscore ( ) denotes a complex value throughout the
paper. In source and receiving room, uniform spatial
damping is introduced by making the acoustic wave num-
ber complex:

k(i)a = ka

(
1− j

1

2

2.2

fT (i)

)
, (2)

where T (i) is the reverberation time of the room. f is the
frequency, j =

√−1.

2. Field variable expansion

The acoustic pressures are approximated in terms of
the following acoustic wave function expansion,

p̂(i)
a

=
∑
m,n

[
e−jk(i)

z,mnzP (i)
mn + ejk

(i)
z,mnzQ(i)

mn

]
ϕ(i)
a,mn, (3)

where

ϕ(i)
a,mn = cos

(
mπ

L
(i)
x

x

)
cos

(
nπ

L
(i)
y

y

)
, (4)

k(i)z,mn =

√√√√(k(i)a

)2
−
(
mπ

L
(i)
x

)2

−
(

nπ

L
(i)
y

)2

, (5)

with m, n = 0,1,2,. . .. The wave functions are exact
solutions of the homogeneous Helmholtz equation. The
time dependence ejωt has been omitted throughout this
paper.
Using Euler’s equation, Eq. (3) leads to following wave

function expansion for the air particle displacement in the
z-direction,

ŵ(i)
a = − j

ω2ρa

∑
m,n

k(i)z,mn

[
e−jk(i)

z,mnzP (i)
mn

−ejk
(i)
z,mnzQ(i)

mn

]
ϕ(i)
a,mn, (6)

with ρa the density of air.
Multilayered structures are incorporated in the frame-

work of the wave based model by a black box approach.
The vibro-acoustic response of the multilayered struc-
ture is described by the transverse displacements of the
air layers in contact with the structure at emitting and
receiving side, we and wr. These displacements are ex-
panded in a series expansion,

ŵe =
∑
p,q

Ae,pqϕp,pq and ŵr =
∑
p,q

Ar,pqϕp,pq, (7)

where

ϕp,pq = sin

(
pπ

Lpx
x

)
sin

(
qπ

Lpy
y

)
, (8)

with p, q = 1,2,3,. . .. This choice of expansion func-
tions implicitly assumes simply supported boundary con-
ditions for the multilayered structure.

3. Boundary and continuity conditions

At the rigid back walls of source and receiving room,
the air particle displacement must be zero:

ŵ(0)
a (x, y, 0) = 0, (9)

ŵ(2)
a (x, y, L(2)

z ) = 0. (10)

The continuity conditions at the source plane can be writ-
ten as follows:

p̂(0)
a

(x, y, zs) = p̂(1)
a

(x, y, zs), (11)

jωŵ(0)
a (x, y, zs) + δ(x− xs, y − ys)

= jωŵ(1)
a (x, y, zs), (12)

where δ is the Dirac function. At the panels surfaces,
continuity of transverse displacement is imposed:

ŵe(x, y) = ŵ(1)
a (x, y, L(1)

z ), (13)

ŵr(x, y) = ŵ(2)
a (x, y, 0). (14)
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4. Equations of motion for the multilayered structure

To determine the contribution coefficients Ae,pq and
Ar,pq in the expansion series, two relations are required
that describe the dynamic behavior of the structure. The
pressures at emitting and receiving side of the structure
are expressed as function of the transverse displacements
of the air layers in contact with the structure at emitting
and receiving side by use of the mechanical impedance
matrix [Z]:

jω[Z]

[
ŵe(x, y)
ŵr(x, y)

]
=

[
p̂(1)
a

(x, y, L
(1)
z )

p̂(2)
a

(x, y, 0)

]
. (15)

By use of the relation Z12 = −Z21, which follows from
reciprocity considerations, following equations are ob-
tained,

jωZ11ŵe(x, y) + jωZ12ŵr(x, y) = p̂(1)
a

(x, y, L
(1)
z ), (16)

jωZ12ŵe(x, y)− jωZ22ŵr(x, y) = −p̂(2)
a

(x, y, 0). (17)

It is assumed that only the modal wave numbers kpq =√
(pπ/Lpx)

2
+ (qπ/Lpy)

2
corresponding to the structural

modes ϕp,pq can propagate in the multilayered structure.
In this case, following equations are obtained by insertion
of the displacement expansion functions (7),

jω
∑
p,q

(
Z11,pqAe,pq + Z12,pqAr,pq

)
ϕp,pq

= p̂(1)
a

(x, y, L(1)
z ), (18)

jω
∑
p,q

(
Z12,pqAe,pq − Z22,pqAr,pq

)
ϕp,pq

= −p̂(2)
a

(x, y, 0). (19)

The elements Zij,pq of the modal impedance matrices

are calculated with the TMM5 assuming infinite layers
and an imposed trace wave number, equal to the struc-
tural mode wave number kpq.

5. Construction of the system matrices

Because the proposed pressure expansions are exact
solutions of the homogeneous Helmholtz equation, the

participation factors P (i)
mn and Q(i)

mn
are only determined

by the boundary and continuity conditions. The pres-
sure expansion functions satisfy a priori the rigid wall
boundary conditions. The other boundary and continu-
ity conditions can only be satisfied approximately, as only
a finite number of expansion functions can be taken into
account. The residuals on the boundaries are minimized
in an integral sense using a Galerkin weighted residual
formulation. The wave functions used in the field vari-
able expansions are used as weighting functions. For the
boundary and continuity conditions (9)-(14), this yields

∫ L(i)
x

0

∫ L(i)
y

0

R
(i)
j ϕ(i)

a,mndxdy = 0. (20)

R
(i)
j is the residual related to the respective boundary

or continuity condition,

R
(1)
1 = ŵ(0)

a (x, y, 0),

R
(2)
2 = ŵ(2)

a (x, y, L(2)
z ),

R
(1)
3 = p̂(0)

a
(x, y, zs)− p̂(1)

a
(x, y, zs),

R
(1)
4 = jωŵ(0)

a (x, y, zs) + δ(x− xs, y − ys)

− jωŵ(1)
a (x, y, zs),

R
(1)
5 = ŵ(1)

a (x, y, L(1)
z )− ŵe(x, y),

R
(2)
6 = ŵ(2)

a (x, y, 0)− ŵr(x, y).

Equations (18) and (19) are also solved by means of a
weighted residual formulation,∫ Lpx

0

∫ Lpy

0

R
(p)
j ϕp,pqdxdy = 0, (21)

with

R
(p)
1 = jω

∑
p,q

(
Z11,pqAe,pq + Z12,pqAr,pq

)
ϕp,pq

−p̂(1)
a

(x, y, L(1)
z ),

R
(p)
2 = jω

∑
p,q

(
Z12,pqAe,pq − Z22,pqAr,pq

)
ϕp,pq

+p̂(2)
a

(x, y, 0).

Because of the rectangular geometry, the factors P (i)
mn

and Q(i)

mn
can be eliminated analytically in function of the

primary unknowns Ae,pq and Ar,pq by use of the weighted
residual formulation (20) of the boundary and continuity
conditions. The weighted residual formulation (21) of
the impedance equations for the multilayered structure
finally results in a symmetric set of linear equations in
the primary unknowns Ae,pq and Ar,pq,[

[βee] [βer]
[βer] [βrr]

] [
�Ae
�Ar

]
=

[
�γ
0

]
. (22)

�Ae and
�Ar are the vectors containing the unknowns Ae,pq

and Ar,pq, respectively. The elements of [βee], [βer], [βrr]
and �γ are given in appendix A.

6. Truncation criteria

The room wave function sets are composed of wave
functions for which√√√√(mπ

L
(i)
x

)2

+

(
nπ

L
(i)
y

)2

≤ atrkmax, (23)

where atr is a truncation parameter and kmax is the
largest natural wave number in the system. The num-
ber of structural wave functions to be included in the
expansions is determined from

kpq ≤ atrkmax. (24)
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All relevant wave numbers in the different layers are
taken into account when determining kmax. For thin
plates, the sound transmission is determined by bending
waves. Next to bending waves, longitudinal and shear
waves are present in elastic layers. For poro-elastic lay-
ers, three types of waves are present: two longitudinal
and one shear wave. The related wave numbers can be
calculated from the Biot-parameters.5

In the simulations, a truncation factor atr = 2.0 is
used. In the low frequency range, a minimal number of
wave functions is selected to assure convergence.

7. Calculation of TL

The sound transmission loss (TL) is determined by fol-
lowing measurement formula:

TL = Lpe − Lpr + 10 log
S

Ar
. (25)

The sound pressure level (SPL) in emitting and receiving
room Lpe and Lpr is calculated by analytical integration
of the acoustic pressure over the respective room volumes.
S is the surface area of the element and Ar = 0.16Vr

Tr
the

absorption area of the receiving room, with Vr the volume
and Tr the reverberation time.
In sections IV and V, the TL is calculated at 5 fre-

quencies per 1/48 octave band. The average TL in each
one-third octave band and 1/48 octave band is calculated
from the summated SPL.12 It must be noted that mea-
surement formula (25) is only valid if the sound fields in
emitting and receiving room are diffuse, which is not the
case at low frequencies and in 1/48 octave bands. Nev-
ertheless, in section V numerical results for the TL are
presented in 1/48 octave bands to show the influence of
the modal behavior. In section IV, the measured and
calculated TL are compared in one-third octave bands as
the structural loss factors and room reverberation times
were only measured in one-third octave bands. The SPL
difference Lpe −Lpr, which was also measured in narrow
frequency bands, is compared in 1/48 octave bands for
further validation of the model.

III. NUMERICAL VALIDATION

A. Thin plate

To numerically validate the hybrid WB-TMM model,
the TL of a 4 mm wooden fiberboard panel with dimen-
sions 1.5 m × 1.5 m, placed between two rooms with
dimensions 1.5 m × 1.5 m × 1.5 m and a reverberation
time of 1.5 s, is calculated. At low frequencies, the bend-
ing wavelength is much larger than the thickness of the
panel and the panel acts as an acoustically thin plate.
For thin plates, the plate displacements at emitting and
receiving side are equal, we = wr, and the transverse dis-
placement of the plate is described by Kirchhoff’s bend-
ing wave equation. Figure 2 compares simulation results
of the WB-TMM with simulation results assuming an
acoustically thin plate. The material properties used for
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FIG. 2. TL of a 4 mm fiberboard panel with dimensions 1.5
m × 1.5 m placed between two rooms with dimensions 1.5 m
× 1.5 m × 1.5 m. Thin plate simulations (WBM Kirchhoff)
and WB-TMM simulations.

TABLE I. Material data (density ρ, Young’s modulus E, loss
factor η, Poisson’s ratio ν) used in the simulations.

ρ [kg/m3] E [MPa] η [-] ν [-]
Fiberboard 765 3500 0.01 0.46
EPS 20 12.0 0.05 0.10

the fiberboard are given in table I. The agreement be-
tween both models is very good, indicating that the hy-
brid model is valid in the limit for acoustically thin plates.

B. Reciprocity

A second validation is made by checking the reciprocity
theorem. The acoustic form of this theorem states that
the ratio between the observed sound pressure p in a re-
ceiver point and the volume velocity Q of an omnidirec-
tional sound source, remains the same if the excitation
and observation points are interchanged,(

p1
Q2

)
Q1=0

=

(
p2
Q1

)
Q2=0

. (26)

Figure 3(a) shows the frequency response functions be-
tween two points in two adjacent rooms with dimensions
1.5 m × 1.5 m × 2.0 m and a reverberation time of 1.5
s. The separating wall (1.5 m × 1.5 m) is an acoustical
lining, consisting of a 4 mm fiberboard covered with a 50
mm polyurethane (PUR) foam. The PUR foam is mod-
eled as a poro-elastic layer using the Biot-Allard model5.
The material parameters used are: bulk density of the
frame, ρ = 30 kg/m

3
, Young’s modulus of the frame,

E = 0.8 MPa, loss factor η = 0.25, Poisson’s ratio of
the frame, ν = 0.40, flow resistivity, σ = 25000 Ns/m4,
tortuosity, α∞ = 2.5, porosity, φ = 0.90, viscous charac-
teristic length, Λ = 50 μm, thermal characteristic length,
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FIG. 3. Reciprocity for an acoustic lining (4 mm fiberboard
panel covered with 50 mm polyurethane foam) with dimen-
sions 1.5 m × 1.5 m placed between two rooms with dimen-
sions 1.5 m × 1.5 m × 2.0 m. (a) Point-to-point frequency
response function and (b) TL in both directions.

Λ′ = 100 μm. The agreement between the frequency re-
sponse functions in both directions is very good, showing
that reciprocity holds. However, reciprocity is not valid
for the TL predicted in both directions [see Fig. 3(b)].
The TL is significantly lower when the absorbing cover-
ing is present in the sending room. This phenomenon
was already seen in measurements performed by Mechel
et al.27 and can be explained by the fact that the share of
normal angles of incidence in the built-up of the diffuse
field is reduced when concentrated absorption is present
in the sending room.

C. Double wall

Finally, a double wall consisting of two 4 mm fiber-
board plates separated by a cavity with a depth of 50
mm is considered. The double wall with dimensions 1.5
m × 1.5 m is placed between two rooms with dimensions
1.5 m × 1.5 m × 2.0 m and a reverberation time of 1.5
s. First, no cavity absorption is taken into account. Sec-
ond, the cavity is filled with an absorbent material with a
flow resistivity of 25000 Ns/m4 . The absorbent material

is modeled as an equivalent fluid, of which the material
properties are calculated with the empirical model of De-
lany and Bazley28. Figure 4 compares the simulation re-
sults of the WB-TMMwith a reference solution and simu-
lations for an infinite wall (TMM). The reference solution
is obtained with a wave based model where the two plates
and the cavity are modeled as separate subsystems.12

The TMM result indicates a mass-spring-mass-resonance
frequency around 220 Hz. When cavity absorption is
added, the resonance frequency is around 195 Hz and the
TL is significantly increased above the mass-spring-mass
resonance frequency. For the double wall without cavity
absorption, the WB-TMM overestimates the TL, espe-
cially below and around the double wall resonance. This
phenomenon was also observed by Atalla and Rhazi.22

The assumption that only the discrete wave numbers kpq
can propagate through the multilayer is too strict. The
modal behavior of this type of walls is the result of a com-
plex interaction between the modes of both panels and
the cavity modes. For the double wall with cavity absorp-
tion, the results of the WB-TMM agree well with the ex-
act solution. Furthermore, the results for the finite wall
converge to the infinite wall results (TMM) above the
mass-spring-mass-resonance frequency. In this case, the
specific vibro-acoustic coupling between the panel modes
is less important.31

IV. EXPERIMENTAL VALIDATION EXAMPLES

A. Hollow brick wall

The TL of a masonry wall with dimensions 3.25 m ×
2.95 m was measured in the reverberation chambers of
the Laboratory of Acoustics at the KU Leuven accord-
ing to the measurement procedure of ISO 10140-2. The
reverberation chambers have a volume of 87 m3. The
masonry wall was built of 19 cm thick hollow bricks and
plastered on both sides. The average SPL in both rooms
was also measured in narrow frequency bands. The mea-
surement results for the TL and SPL difference are shown
in Fig. 5. A clear dip is visible around 3000 Hz in the TL
and the SPL difference, caused by coincidence with the
first symmetric Lamb mode, often referred to as the first
thickness resonance. The modal behavior of the SPL dif-
ference is visible at low and mid frequencies, up till 500
Hz. The low modal density of the masonry wall results
in a modal behavior even above the Schroeder frequency
of the rooms of approximately 260 Hz.
The acoustic behavior of hollow brick walls is com-

plex. Modeling the wall as a homogeneous thin plate
will mostly overestimate the TL. Hollow brick walls can
have inhomogeneous and anisotropic properties, and be-
have as an acoustically thick plate, as measurement re-
sults indicate. Taking into account all these effects is
possible in theory by use of a detailed FE model for the
hollow brick wall. Due to practical and computational
limitations a simplified modeling is mostly adopted in
literature. In first approximation, the inhomogeneous
brick wall can be replaced by an equivalent homogeneous
one, provided that the size of the inhomogeneities is

Hybrid wave based - transfer matrix model 6
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FIG. 4. TL of a double fiberboard panel (4 - 50 - 4 mm)
with dimensions 1.5 m × 1.5 m placed between two rooms
with dimensions 1.5 m × 1.5 m × 2.0 m. Reference solution
(WBM), WB-TMM and TMM simulations. (a) No cavity
absorption, (b) cavity absorption (σ = 25000 Ns/m4).

small compared to half the wavelength of the vibrations.
Jacqus et al.29 described a hollow brick wall as a thick
orthotropic plate. The equivalent homogeneous proper-
ties were determined numerically with an FE model of
a single brick. Simulation results showed that thin plate
theory strongly overestimates the TL at mid and high fre-
quencies, where the TL is determined by thickness reso-
nances in the wall. The orthotropic behavior was less im-
portant. When the bending stiffness is only slightly dif-
ferent in both directions, it is reasonable to treat the wall
as isotropic.30 Therefore, the hollow brick wall is mod-
eled as a homogeneous, isotropic, thick wall. The proper-
ties used for the equivalent isotropic wall are: thickness
h = 0.2934 m, density ρ = 613.5 kg/m

3
, Young’s modu-

lus E = 1825 MPa, Poisson’s ratio ν = 0.20. These are
based on the surface mass of the wall, the measured coin-
cidence frequency and the measured thickness resonance
frequency. For the damping, one-third octave band mea-
sured values are used (see table II). The wall lining is
not accounted for explicitly in the models.

Figure 5(a) compares the measurement results with
TMM simulations assuming diffuse incidence and infinite
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FIG. 5. Measurement, TMM simulations and WB-TMM sim-
ulations for a 19 cm hollow brick wall, plastered on both sides,
with dimensions 3.25 m × 2.95 m. (a) One-third octave band
TL and (b) 1/48 octave band SPL difference.

TABLE II. Measured loss factor (in one-third octave bands)
of the hollow brick wall.

f [Hz] η [-] f [Hz] η [-] f [Hz] η [-]
50 0.064 250 0.032 1250 0.016
63 0.058 315 0.029 1600 0.014
80 0.053 400 0.026 2000 0.013
100 0.048 500 0.024 2500 0.012
125 0.043 630 0.021 3150 0.011
160 0.039 800 0.019 4000 0.010
200 0.035 1000 0.017 5000 0.009

structures with and without taking into account a spatial
window correction factor. At high frequencies, the TMM
is able to predict the TL with good accuracy. The thick-
ness resonance at 3000 Hz is well predicted. The modal
behavior which dominates the TL at low frequencies can-
not be predicted by the TMM.
The TL of the hollow brick wall is also modeled with

the WB-TMM. The common wall in the laboratory is
not parallel with the back walls. In the model, the re-
verberant rooms are approximated by rectangular rooms
with dimensions 4.12 m × 5.09 m × 4.15 m.31 For the

Hybrid wave based - transfer matrix model 7



reverberation time of the rooms, values measured in one-
third octave bands are used. The hollow brick wall is
modeled as an elastic layer. Figure 5(a) shows the sim-
ulated TL in one-third octave bands. Figure 5(b) com-
pares the measured and predicted SPL difference between
the rooms in 1/48 octave bands. Below 100 Hz, the TL
and SPL difference is globally overestimated. The modal
behavior of the structure is accurately captured by the
WB-TMM only for simply supported panels. The use
of modal damping values instead of frequency averaged
reverberation times would be more accurate. Further-
more, a simplified description of the measurement pro-
cedure and room geometry has been used in the model,
while at low frequencies the measured TL is very sensi-
tive to parameters like source position, microphone po-
sitions, room geometry and niche dimensions.31 Above
160 Hz, the dynamic range and dips in the SPL differ-
ence, associated with the plate eigenfrequencies, are very
well predicted by the hybrid WB-TMM. Between 400 and
1000 Hz, the SPL difference is however underestimated
at the resonance frequencies by the WB-TMM, leading
to an underestimation of the TL. At higher frequencies,
the sound transmission is dominated by shear waves and
thickness resonances, which is well predicted by the WB-
TMM.

B. Sandwich panel

A second example considers the sound transmission
through a sandwich panel with dimensions 1.50 m ×
1.25 m and thickness 150 mm, placed in the small trans-
mission opening of the reverberation chambers of the
Laboratory of Acoustics at the KU Leuven.12 The sand-
wich panel consists of a core of expanded polystyrene
(EPS) with a 4 mm fiberboard plate glued on each side.
Figure 6(a) shows the measured TL in one-third octave

bands. Figure 6(b) gives the SPL difference between both
rooms measured in narrow frequency bands. In this case,
the SPL difference is larger than the TL because of the
small surface area of the panel. The combination of low
surface mass and high stiffness results in a low TL in
a wide frequency range. Below 200 Hz, the TL is deter-
mined by the modal behavior of the panel and the rooms.
A distinct dip in the TL and the SPL difference is visible
at the first resonance frequency of the panel around 125
Hz. In the mid frequency range (250-1000 Hz), sound
transmission is dominated by shear wave coincidence in
the EPS core. Around 1000-1250 Hz, the dilatation res-
onance of the two plates on the EPS core results in a
dip in TL. Above this mass-spring-mass-resonance fre-
quency, the TL significantly increases, until the thickness
resonance dip (of longitudinal waves in the EPS) around
3300 Hz.
The measurement results are compared with TMM

simulations, with and without spatial windowing, in Fig.
6(a). The EPS core is modeled as an elastic layer. The
material properties used in the simulations are given in
table I. The agreement between simulation and measure-
ment results is good in the mid and high frequency range,
although the TMM with spatial windowing globally over-
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FIG. 6. Measurement, TMM simulations and WB-TMM sim-
ulations for an EPS sandwich panel with dimensions 1.25 m
× 1.50 m. (a) One-third octave band TL and (b) 1/48 octave
band SPL difference.

estimates the TL between 200 and 500 Hz. Below 200 Hz,
the modal behavior cannot be predicted.

Figure 6 also shows simulation results of the hybrid
model. The WB-TMM is able to predict the TL with
good accuracy in a broad frequency range, taking into
account all coincidence phenomena. The pronounced dip
around the first resonance frequency of the panel at 125
Hz is well predicted, which indicates that the assumption
of simply supported boundary conditions is reasonable in
this case. Below the first eigenfrequency of a panel, the
sound transmission is determined by the stiffness of the
panel. A large increase in TL is predicted below this
resonance frequency by the hybrid model. This increase
is also visible in the measurement, but less pronounced.
At the dilatation resonance dip and above the thickness
resonance dip, both the TMM and the WB-TMM overes-
timate the TL, possibly due to an overestimation of the
damping.
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FIG. 7. Influence of structural damping on WB-TMM and
TMM simulations. (a) Hollow brick wall and (b) EPS sand-
wich panel.

V. PARAMETRIC STUDY

A. Structural damping

The influence of structural damping on the TL of the
hollow brick wall and the EPS sandwich panel, described
in the previous section, is examined. Two frequency-
independent values are considered for the loss factor of
the hollow brick wall: η = 0.005 and η = 0.10. Fig-
ure 7(a) shows TMM simulation results, assuming a dif-
fuse sound field and a spatial windowing correction, and
simulation results of the WB-TMM. The TMM results
show that the structural damping has an important in-
fluence above the critical frequency of the hollow brick
wall, as expected according to infinite plate theory. In
the WB-TMM results, an increase in structural damping
will increase the TL around the eigenfrequencies of the
wall, as can be seen at low frequencies. At higher fre-
quencies, higher damping values lead to a global increase
in the TL, similar to the TMM results. The WB-TMM
results fluctuate around the mean value predicted with
the TMM. The fluctuations are larger for lower values of
damping.
The influence of structural damping on the TL of the

sandwich panel is studied by changing the total loss fac-

tor of the EPS core. Two frequency-independent val-
ues are considered: η = 0.005 and η = 0.20. Figure
7(b) shows that in the TMM, plate damping has only
an important influence around the mass-spring-mass-
resonance dip (at 1100-1200 Hz) and around and above
the thickness resonance dip (at 3300 Hz). The influence
of structural damping is larger in the WB-TMM simula-
tions because the resonant transmission, which depends
on the structural damping, is incorporated. The loss fac-
tor influences the TL around the resonance frequencies
of the structure. This can be seen in TL results below
250 Hz, where the sandwich panel has only a few eigen-
modes. Below the first resonance frequency (around 125
Hz) and in between the first and second resonance fre-
quency (around 200 Hz), the TL is almost independent
of the structural damping. The resonant transmission
is important in the mid frequency range for low values
of damping. As a result, WB-TMM results are signifi-
cantly lower than TMM results, which neglect the reso-
nant transmission by resonant modes. This can explain
the fact that the TMM with spatial windowing overesti-
mates the measured TL between 200 and 500 Hz (see sec-
tion IV). For large values of damping, the non-resonant
transmission is dominant, leading to a good agreement
between TMM results with spatial windowing and the
WB-TMM results. Only at low frequencies, the modal
behavior of the stiff panel and the rooms is still impor-
tant, leading to large fluctuations around the mean TMM
value.

B. Room dimensions

The room dimensions will influence the measured TL,
especially below the Schroeder frequency of the rooms.
For single walls with a low modal density and for double
walls, the variance caused by different room dimensions
may be important even above the Schroeder frequency of
the rooms.32 In this section, the influence of the source
room dimensions on the TL of the hollow brick wall and
the EPS sandwich panel is examined. The WB-TMM
model described in section III is used as a reference. In
the parametric study, the dimensions of the source room
are varied, while the volume (87 m3) and the reverbera-
tion time (1.5 s) are kept constant. Figure 8 shows the
mean value and 95 % confidence interval for ten different
source rooms. For the EPS sandwich panel, the 95 % con-
fidence interval steadily decreases with frequency, with a
spread of more than 20 dB below 100 Hz and less than
2 dB above 600 Hz. At the Schroeder frequency of the
rooms (260 Hz), the variations caused by the source room
dimensions are about 5 dB. For the hollow brick wall, the
spread on the TL below 100 Hz is similar to that for the
sandwich panel. The variations however do not decrease
at higher frequencies. From 200 Hz till 2000 Hz, the 95
% confidence interval is on average 10 dB. The variation
is the largest at the eigenfrequencies of the wall. This in-
dicates the significant influence of the room dimensions
on the TL of stiff panels, even for larger rooms and at
high frequencies.

Hybrid wave based - transfer matrix model 9



63 125 250 500 1000 2000
0

10

20

30

40

50

60

70

frequency [Hz]

tr
an

sm
is

si
on

 lo
ss

 [d
B]

 

 

Mean value
95 % confidence interval

(a)

63 125 250 500 1000 2000
0

10

20

30

40

50

60

frequency [Hz]

tr
an

sm
is

si
on

 lo
ss

 [d
B]

 

 
Mean value
95 % confidence interval

(b)

FIG. 8. Influence of source room dimensions on WB-TMM
simulations. Mean value and 95 % confidence interval for ten
different source rooms with volume 87 m3. (a) Hollow brick
wall and (b) EPS sandwich panel.

C. Structural dimensions

The influence of the finite dimensions on the TL of mul-
tilayered structures is investigated in this section. Two
main factors cause the difference between the TL of infi-
nite structures and that of a real bounded structure: (i)
the modal behavior of the finite-sized structure and (ii)
the diffraction by the aperture in the wall that contains
the panel. The diffraction effect can be included in the
TMM by a spatial windowing technique.23 The hybrid
model takes into account both effects.

Three multilayered structures with a total thickness of
150 mm are considered: a double panel and two sandwich
panels. The EPS sandwich panel described in section IV
is taken as a reference. The double panel consists of 4
mm thick fiberboard plates separated by an air cavity
with a depth of 142 mm. The second sandwich panel
consists of 4 mm thick fiberboard plates glued to a PUR
foam core with a thickness of 142 mm. The material
properties used for the fiberboard and the EPS are given
in table I. The PUR foam is modeled as a poro-elastic
layer with the properties given in section III.

For the double panel, the two fiberboard plates are

modeled as thin plates. The cavity in between is modeled
as a separate subsystem in the wave based model, because
it is important to take into account the specific modal
behavior of the finite-sized cavity when modeling double
walls (see section III.C). No cavity damping is taken
into account. The sandwich panels are modeled with
the WB-TMM. Two different areas are considered for
the panels: 1.25 m × 1.50 m and 3.00 m × 3.60 m. The
simulation results are shown in Fig. 9. As a reference, the
TL calculated with the TMM assuming a diffuse incident
sound field, with and without spatial windowing, is also
given.

As expected, the fluctuations in the TL due to the
modal behavior becomes smaller when the panel dimen-
sions are increased for all three structures, because the
modal density is increased. Both for the EPS sandwich
panel and the PUR sandwich panel, the TL of the large
panel is similar to TMM results for infinite panels above
250 Hz. Only at low frequencies, differences can be seen
due to the limited number of room and plate modes. The
TMM with spatial windowing globally overestimates the
TL of the large panels.

Decreasing the dimensions of the EPS sandwich panel
leads to a significant increase in the TL below 100 Hz.
This is caused by the stiffness behavior of the TL below
the first resonance frequency of the panel and can there-
fore not be predicted by the TMM with spatial window-
ing. Between 250 Hz and 500 Hz and above 1000 Hz,
the panel dimensions have no significant influence on the
TL. In the frequency region below the dilatation reso-
nance dip (500-1000 Hz), the TL of the smallest panel is
approximately 2 dB higher.

For the small PUR sandwich panel, the diffraction ef-
fect is important in the entire frequency range under con-
sideration. As a result, the TL of the smallest panel is on
average 3 dB larger than that of the large panel above
250 Hz. This diffraction effect is well captured by the
TMM with spatial windowing.

The structural dimensions have a large influence on the
TL of the double fiberboard panel with an air cavity. In
this case, large deviations can be seen between simula-
tions for infinite panels (TMM) and finite panels (WB-
TMM), even for the large panel. This discrepancy cannot
be explained by the diffraction effects (TMM with spatial
windowing). The mass-spring-mass resonance dip around
125 Hz is more pronounced for the smaller panel. Fur-
thermore, the modal behavior is important up to higher
frequencies. In the mid frequency range, the sound field
in the cavity is two dimensional. The limited number of
cavity modes leads to a specific vibro-acoustic coupling
between the plate. At the first cross-cavity mode reso-
nance frequency, f = ca/2d = 1207 Hz with d the cavity
depth, a reduction can be noticed in the TL of the finite
panels. Above 1207 Hz, the sound field in the cavity be-
comes three dimensional and modal fluctuations in the
TL are smaller.

Hybrid wave based - transfer matrix model 10
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FIG. 9. Influence of plate dimensions Lpx × Lpy on TL of
double fiberboard panels 4(142)4 mm when the cavity is filled
with (a) air (b) EPS (glued) and (c) PUR (glued).

VI. CONCLUSIONS

In this paper, a hybrid wave based - transfer matrix
model is developed which allows for the numerical inves-
tigation of the direct sound transmission through finite
multilayered structures placed between two rooms. The
hybrid model combines the advantages of both the WBM
and the TMM. The modal behavior of both the rooms
and the structure is taken into account through use of

the WBM. The multilayered structure is modeled as a
black box, of which the properties are computed with the
TMM. Therefore, the TL of multilayered structures con-
taining an arbitrary number of elastic, poro-elastic and
fluid layers can be modeled. Furthermore, the method
can be readily extended to other types of layers. The
enhanced computational efficiency of the WBM and the
TMM compared to FE models allows calculations up to
higher frequencies.

The hybrid model is compared with TL measurements
of a hollow brick wall and a sandwich panel. Generally,
the agreement between experiments and simulations is
good, both at low frequencies where the TL is strongly
dependent on the modal characteristics and at high fre-
quencies, where the TL is determined by the panel prop-
erties. Resonant transmission by structural modes, which
is not taken into account in the classical TMM, can be
important for multilayered structures. Coincidence with
shear waves, bending waves or longitudinal waves result
in distinct dips in the TL.

The hybrid model is especially useful to investigate
the influence of geometrical parameters like room dimen-
sions and structural dimensions on the TL of multilayered
structures in a broad frequency range. The importance
of resonant sound transmission, which depends on the
panel damping, size and type, can also be studied.
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APPENDIX A: ELEMENTS IN THE WB-TMM
EQUATIONS

The weighted residual formulation of the impedance
equations leads to a symmetric set of linear equations
(22) in the primary unknowns Ae,pq and Ar,pq. The num-
ber of equations equals two times the number of struc-
tural wave functions included in the expansions. Each
equation corresponds to a structural wave function ϕp,rs.
The elements of [βee], [βer], [βrr] and �γ are given by

βee

rs,pq
= jωZ11,pqNp,pqδrs,pq −

∑
m,n

C
(1)
1,mnP

(1)
mn,pqP

(1)
mn,rs

βer

rs,pq
= jωZ12,pqNp,pqδrs,pq

βrr

rs,pq
= −jωZ22,pqNp,pqδrs,pq −

∑
m,n

C
(2)
1,mnP

(2)
mn,pqP

(2)
mn,rs

γ
rs
=
∑
m,n

2C
(1)
2,mn

1− C
(1)
3,mn

P (1)
mn,rs
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with

C
(1)
1,mn =− jω2ρa

k(1)z,mnN
(1)
a,mn

coth
(
k(1)z,mnL

(1)
z

)

C
(1)
2,mn =

ωρaϕ
(1)
a,mn(xs, ys)

k(1)z,mnN
(1)
a,mn

cos
(
k(1)z,mnzs

)
e−jk(1)

z,mnL
(1)
z

C
(1)
3,mn =e−2jk(1)

z,mnL
(1)
z

C
(2)
1,mn =− jω2ρa

k(2)z,mnN
(2)
a,mn

coth
(
k(2)z,mnL

(2)
z

)

The indices mn indicate the modal wave numbers of the
room wave functions. The indices pq and rs indicate the
modal wave numbers of the structural wave functions.
δrs,pq = 1 if rs ≡ pq, otherwise δrs,pq = 0. The norms of

the room wave functions ϕ
(i)
a,mn and plate wave functions

ϕp,pq are defined as

N (i)
a,mn =

∫ L(i)
x

0

∫ L(i)
y

0

[
ϕ(i)
a,mn

]2
dxdy, i = 1, 2

Np,pq =

∫ Lpx

0

∫ Lpy

0

[ϕp,pq]
2 dxdy

and the plate-room projection coefficients as

P (i)
mn,pq=

∫ Lpx

0

∫ Lpy

0

ϕ(i)
a,mnϕp,pqdxdy, i = 1, 2

These coefficients give the amount of geometrical cou-

pling between the acoustic mode ϕ
(i)
a,mn and the struc-

tural wave function ϕp,pq.
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mass von absorbierend belegten Wänden und Decken”,
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